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A fate map has been constructed for the lingulid brachiopod Glottidia pyramidata. The animal half of the egg forms part
of the apical lobe and the dorsal valve of the larva. The vegetal half of the egg forms mesoderm and endoderm and is the
site of gastrulation; it also forms part of the apical lobe and the ventral valve of the larva. The plane of the ®rst cleavage
goes through the animal±vegetal axis of the egg along the future plane of bilateral symmetry of the larva. The timing of
regional speci®cation in these embryos was examined by isolating animal or vegetal, anterior or posterior, or lateral regions
at different times from prior to fertilization through gastrulation. Animal halves isolated at all stages formed an epithelial
vesicle and did not gastrulate. When these halves were isolated from unfertilized eggs or early cleavage stage embryos,
they usually did not form an apical lobe or valve; however, when the halves were isolated at later developmental stages,
these structures differentiated in a high frequency of cases. Vegetal halves isolated at all stages gastrulated and formed a
larva; however, when these halves were isolated at gastrulation they frequently lacked a dorsal valve. When lateral cuts
were made along the animal±vegetal axis at all developmental stages, both halves gastrulated. When the cut was made
perpendicular to the plane of the ®rst cleavage from the four-cell stage on, one-half formed the anterior end and the other
half formed the posterior end of the larva. These results suggest that there are localized determinants in the egg that specify
the different regions of the larva, but there is also an inductive signal(s) from the vegetal region of the embryo that is
necessary in order for cells that inherit a given determinant to differentiate. Embryogenesis in Glottidia is compared with
articulate brachiopods and phoronids. q 1995 Academic Press, Inc.
INTRODUCTION and de®ne which regions of the egg normally differentiate
into a given region of the larva. These fate maps are identi-
cal. On the basis of these fate maps, comparable regions ofThe phylum Brachiopoda has traditionally been divided
these embryos were isolated at different stages of develop-into two classes, the Articulata, with four extant superfami-
ment and their ability to differentiate was monitored. Thislies, and the Inarticulata, with three extant superfamilies
information was used to establish when speci®cation oc-(Hyman, 1959). There are good descriptions of early develop-
curs for different regions of the embryo and to make infer-ment for species in three of the articulate superfamilies (See
ences about the classes of mechanisms that play a role inTable 1 in Freeman, 1993). These studies indicate that at a
specifying different regions of the embryo. While the workdescriptive level, development appears to be quite uniform.
on the rhynchonellid is not complete, the data at hand indi-Experimental studies for the purpose of examining the pro-
cate that the timing and mode of regional speci®cation iscess of regional speci®cation during development have been
similar in these two species.done on articulate brachiopods belonging to two different
Descriptive data on embryogenesis is available for onlysuperfamilies, the Rhynchonellacea and the Terebratellacea
two superfamilies of inarticulates, the Craniacea (Nielson,(Freeman, 1993 and unpublished). A fate map for each of
1991) and the Lingulacea (Yatsu, 1902). In these two super-these embryos was constructed. These maps document the
families, the larvae that form as a result of embryogenesispattern of morphogenetic movements during gastrulation
are quite different. Craniid larvae are nonfeeding and only
exist as larvae for a day or two. They undergo a radical
metamorphosis on settling and acquire an adult form. These1 Correspondence and reprint requests should be addressed to
Department of Zoology, University of Texas, Austin, TX 78712. larvae resemble articulate larvae in their form, short larval
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life period, and radical metamorphosis. The lingulid ``lar- larvae in which hatching was delayed were treated with 1
mg of pronase in 5 ml of PSW for 30 min to facilitate hatch-vae'' are essentially miniature adults that swim, feed, and
grow for an extended period (1 or more months) in the plank- ing. Larvae were washed several times after pronase treat-
ment. Almost all of the cultures of embryos developed nor-ton while they form additional adult structures. These lar-
vae will eventually settle without undergoing a radical mally. If fewer than 90% of the intact fertilized eggs in a
batch developed normally, experiments done on the remain-metamorphosis. The descriptive studies on embryogenesis
in lingulids and craniids indicate that at a morphological der of the eggs were discarded.
Histospeci®c markers and histological procedures. Solevel, embryogenesis is very different in these two super-
families and that the process of embryogenesis in each of that it would be easier to recognize the differentiation of a
given tissue in an embryo that was experimented on, anthese superfamilies is also substantially different compared
to articulates. attempt was made to discover marker molecules speci®c
for different tissues. Histological studies on sectioned ex-The superfamily Lingulacea contains two living genera,
Lingula and Glottidia. This study will utilize Glottidia pyr- perimental larvae were also used to identify different tis-
sues. Freeman (1993) gives directions for ®xing, embedding,amidata to analyze the timing and mode of regional speci-
®cation in the lingulids. The only information on regional and staining material for histological study. Living larvae
were treated with a number of ¯uorescein (FITC)-labeledspeci®cation in these embryos has its basis in a single sen-
tence in Yatsu's (1902) paper on the embryology of Lingula: lectins (Bandeiraea, Concanavalin A. Triticum, Ulex, and
Wisteria) speci®c for different sugars that may be found on``One or two blastomeres at the 2, 3, or 4 cell stage was
observed to continue normal cleavage processes after the the surfaces of cells that make up different tissues. Triticum
lectin bound only to the surface of mantle cells of the larva.other blastomeres had degenerated and gave rise to dwarf
blastulae, gastrulae and even embryos.'' In this study, the It was used as a valve-speci®c marker. Enzyme histochemis-
try (esterase, alkaline phosphatase, acetylcholine esterase)same techniques and methodology that were used to study
regional speci®cation in the articulate Terebratalia (Free- on ®xed larvae was used to look for tissue-speci®c enzyme
activity. Two of these enzymes had a tissue-speci®c distri-man, 1993) have been used to generate a comparable set of
data for the inarticulate Glottidia. bution: acetylcholine esterase was seen only in the apical
lobe of the larva, and esterase was seen only in the gut.
Esterase was used as a gut-speci®c marker. Previous immu-
nocytochemical work has shown that serotonin andMATERIALS AND METHODS
FMRFamide are found in different classes of nerve cells in
Glottidia larvae at later stages of development (Hay-Biological materials. G. pyramidata was collected dur-
ing minus tides at Alligator Harbor, Florida by digging them Schmidt, 1992). These compounds were not detected using
immunocytochemistry on larvae that were ®xed whileout of their burrows. Animals and the sediments they were
in were transported to the laboratory where they were main- hatching.
The Triticum lectin binding assay was done by incubatingtained in a tray with sediment about 4 cm deep with sea
water ¯owing over it. The animals reformed a normal bur- living material in 0.5 mg of FITC Triticum lectin (Sigma)
in 1 ml of PSW for 5 min followed by three washes in PSWrow in the sediment. Animals fed and remained healthy
under these conditions for at least a month. During my to dilute out unbound lectin. The larvae were viewed with
epi¯uorescence using an appropriate ®lter cube.research period (May and June), all animals with a valve
length over 1 cm had ripe gametes. Gametes were obtained Prior to the esterase assay the material was ®xed in 5%
neutral formalin made from paraformaldehyde in PSW atby dissecting out the gonad. The full grown oocytes in the
ovary have a germinal vesicle. Freeman (1994) provides di- 57C for 1 hr. The material was washed in PSW and an ester-
ase reaction was run for 15 min at room temperature usingrections for maturing these oocytes and fertilizing them.
Following fertilization, small groups of uncleaved eggs or bromo-indoxyl acetate as a substrate at pH 8 (Pearse, 1961).
The reaction was stopped by transferring the material tocleavage stage embryos were washed in several changes of
pasteurized sea water (PSW) to dilute out sperm and bacte- 70% ethanol. The material was then dehydrated in an alco-
hol series, cleared in xylene, and mounted in Permount.ria. Directions for preparing PSW are given in Freeman
(1993). The embryos were reared in PSW with 100 units of Indoxyl acetate gives a blue reaction product.
Fate mapping and operative procedures. The vital dyesstreptomycin sulfate per milliliter in 1-ml sterile plastic
(Linbro) dishes at room temperature (21±247C). Pilot experi- Nile blue A and neutral red were used for fate mapping
studies and for marking regions of an embryo prior to experi-ments in which embryos were reared with and without
streptomycin showed that the concentration of streptomy- ments in which unfertilized eggs or embryos were cut into
halves so that the origin of each half could be identi®ed.cin used did not affect development. Oocytes and embryos
are surrounded by a cellular envelope. A larva hatches out Attempts to fate map these embryos by injecting ¯uores-
cent dextrans into identi®ed blastomeres were unsuccess-of its envelope at 2±3 days of development. At the time the
larvae are examined to determine the outcome of a given ful. Directions for staining embryos with vital dyes and for
operating on them are given in Freeman (1993). Nile blueexperiment they are in the process of hatching. Since it is
much easier to recognize the features of hatched larvae, A gives a stain spot that does not diffuse and persists for at
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least 3 days of development. Neutral red diffuses slowly; tion between the previtellogenic stages of oogenesis and the
subsequent vitellogenic stages, morphological polarity istherefore, it was only used for short-term experiments in
which the stain only had to persist for a few hours. These ®rst evident as the displacement of the germinal vesicle
from the center of the oocyte to the region of the oocytedyes do not stain the envelope that surrounds the embryo.
If embryos are not overstained they develop normally. that is furthest from the genital lamella. During vitellogen-
esis the acellular envelope around the oocyte forms; anotherOverstaining, which includes too much stain in a small area
or the staining of an area that is too large, causes the stained manifestation of polarity is seen in the relative thickness
of this envelope. It is always thinnest where the oocyte isregion to develop more slowly than unstained regions of
the same embryo. These cases were discarded. in contact with the genital lamella. During the last stages
of vitellogenesis, lipid droplets form in the oocyte cyto-The operative experiments involved cutting unfertilized
eggs or embryos at different stages of development into de- plasm just underneath the region of oocyte cell surface in
contact with the genital lamella. These lipid droplets can®ned halves. These experiments were done by pressing
down on the unfertilized egg or embryo in its envelope with be observed in osmium-®xed pieces of ovary that have been
sectioned (Figs. 1A and 3A) and they can be observed ina ®ne glass needle and cutting the material in half. Since
the separated halves would eventually refuse, a thin mono- pieces of live ovary treated with dilute solutions of the vital
¯uorescent lipid stain, Nile red (Greenspan et al., 1985).®lament loop was positioned so that it ®t the groove created
by pressing on the envelope, and the loop was tightened to When pieces of ovary with full grown oocytes are treated
with lophophore extract or cyclic AMP derivatives that canseal off the halves in their common envelope. Isolates were
carefully examined about an hour after they were created diffuse across the cell membrane (Freeman, 1994), the ®rst
phase of oocyte maturation is initiated. These oocytes loseto make sure that the operative procedure did not have a
deleterious effect. Subsequently, they were monitored at their follicle cell covering and are shed from the genital
lamellae into the coelomic space; at the same time the ger-daily intervals to check their developmental progress. If
there was cell loss or extrusion of all or part of a half through minal vesicle breaks down, the chromosomes condense on
the spindle of the meiotic apparatus that forms in meta-a tear in the envelope, the isolate was discarded. An analysis
of these cases showed that the remaining half, regardless of phase I and the spherical oocyte ¯attens along its animal±
vegetal axis (Fig. 3B). The site where the meiotic apparatusits origin, developed in the same way in isolation as it did
when separated from the other half by a noose. is located can be recognized in living oocytes at this stage
of maturation as a clear round spot in an otherwise opaqueManipulating the plane of the fourth cleavage. Plastic
slides were prepared with shallow grooves 140 mm wide cell. The meiotic apparatus is always directly opposite the
lipid droplets.tooled into them. Nylon mono®lament line 60 mm in diam-
eter was placed in the grooves, and the slide was placed in The process of oocyte maturation is not completed until
these oocytes are fertilized. Following fertilization the ®rstmolten 2% agar in sea water. The slide was removed from
the agar solution, and the agar in the grooves was allowed and second polar bodies are given off, and the egg becomes
less ¯attened along its animal±vegetal axis. Both polar bod-to solidify; then the mono®lament was removed from the
grooves. A few eight-cell embryos were placed in a drop of ies form at the same site, which is directly opposite the
vegetal pole of the egg where the lipid droplets are locatedsea water on the slide and forced into the groove; no attempt
was made to orient the embryos in the groove. A coverslip (Figs. 2A and 3C). Both the polar bodies and the lipid drop-
lets are persistent markers that can be followed throughwas placed on the slide, and the embryos in the groove were
observed with a compound microscope while waiting for embryogenesis. These eggs are 90 mm in diameter.
The planes of the ®rst and second cleavages go throughthe fourth cleavage (ca. 15 min). Embryos with the appro-
priate orientation were identi®ed (Fig. 12). At the end of the the animal±vegetal axis of the egg, as de®ned by the site of
polar body formation and the position of the vegetal lipidfourth cleavage the slide was placed in a petri dish ®lled
with sea water, and the coverslip was carefully removed droplets (Figs. 1B, 2B, 2C, 3D, and 3E); they generate four
equal-sized blastomeres. The third cleavage is equatorialwhile keeping track of the appropriately oriented embryo(s).
It was carefully removed from the groove, examined, and and equal, generating four animal and four vegetal blasto-
meres (Figs. 2D and 3F). There is some variability in theset aside in a well with PSW.
cleavage pattern beginning with the fourth cleavage. In
about 80% of the cases the fourth cleavage furrow goes
through the animal±vegetal axis of the embryo along aRESULTS
plane parallel to one of the ®rst two cleavage planes, gener-
ating two rows of four animal blastomeres and two corre-Oogenesis and Embryogenesis in Glottidia
sponding rows of four vegetal cells (Figs. 2E1 and 3G1). In
the other cases the fourth cleavage is also meridional, butOogenesis in Glottidia takes place on genital lamellae,
which are folds of coelomic epithelium that line the ovary. the cells that make up the animal and vegetal tiers of the
embryo take on a radial arrangement within their tiers (Figs.Developing oocytes and full grown oocytes are attached to
the lamella and covered by a layer of follicle cells (Fig. 2 in 2E2 and 3G2). When the fourth cleavage generates a row-
like con®guration of blastomeres (Fig. 3G1) the ®fth cleav-Freeman, 1994). During oocyte development at the transi-
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FIG. 1. Histological sections through oocytes, embryos, and larvae showing the structure of the embryo at different stages of development,
the distribution of osmophilic lipid droplets, and the cytological characteristics of different cell types in the larva. (A) Section along the animal±
vegetal axis of a full-grown oocyte attached to a genital lamella of the ovary. The germinal vesicle (Gv) in the oocyte is furthest from the
lamella. Lipid droplets (Ld) are adjacent to the lamella. (B) Section through a two-cell embryo along its animal±vegetal axis. A glancing section
through a polar body (Pb) can be seen at the animal pole; lipid droplets are found at the vegetal pole. (C) Section through a blastula along its
animal±vegetal axis. A blastocoel (B) is present. The vegetal region of the embryo with its lipid droplets is thicker than the animal region. (D)
Section through an early gastrula along its animal±vegetal axis. The vegetal region with the lipid droplets is beginning to invaginate (I). (E)
Sagittal section through a late gastrula. The future apical lobe (AL), valves (dV, dorsal valve and vV, ventral valve) and gut (G) have begun to
individuate. The blastopore leads to the gut. Mesodermal cells (M) are adjacent to the anterior region of the gut. A through E are at the same
magni®cation; the bar indicates 50 mm. (F) Section through the apical lobe of a 2-day larva. Note the elongated shape of these cells and the
coelomic space (Co) in the center of the lobe. The cilia of the apical lobe do not show up in this photograph. (G) Dorsal and ventral valves of 2-
day larva. Note the elongated shape of these cells and the thin layer of extracellular matrix (ECM) on their apical surface. (H) Section through
the gut (G). The cilia in the gut cavity do not show up in this photograph. F through H are at the same magni®cation; the bar indicates 50 mm.
age furrow also goes through the animal±vegetal axis of the square tier of 16 vegetal cells (Figs. 2F and 3H1). When the
fourth cleavage generates a radial blastomere con®gurationembryo; however, this division generates a square animal
tier of 16 cells that is 4 cells on a side on top of a similar (Fig. 3G2) it is not possible to make a prediction about the
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FIG. 2. Whole mounts of embryos at different stages of development showing their structure, the position of the polar bodies, and assays
for esterase and Triticum binding. (A) Side view of the fertilized egg showing polar bodies (Pb). (B) 2-cell embryo. (C) Polar view of 4-cell
embryo. (D) Side view of 8-cell embryo showing polar bodies. (E1) Side view of 16-cell embryo showing the elongate blastomere con®gura-
tion. (E2) Side view of 16-cell embryo showing the radial blastomere con®guration. Note the polar bodies. (F) Polar view of plate-like 32-
cell embryo derived from elongated 16-cell embryo. (G) Side view of blastula showing polar bodies. (H1) Side view of early gastrula. (H2)
Vegetal view of same early gastrula shown in H1 showing large blastopore (B). (I) Side view of 20-hr embryo showing the individuating
valves (V) and apical lobes (AL). Note the polar bodies on the dorsal valve. (J) Polar view of 2-day larva stained for esterase; the gut is
positive. (K1) Polar view of FITC Triticum-treated 2-day larva viewed with transmitted light. (K2) The same larva as in K1 showing Triticum
binding to the valve via its ¯uorescence. All photographs are at the same magni®cation; the bar indicates 50 mm.
plane of the ®fth cleavage; some blastomeres appear to as the embryo ¯attens along its animal±vegetal axis (Figs.
1D, 2H, and 3J). As the archenteron invaginates into thecleave meridionally and some appear to cleave equatorially,
generating an embryo in which some of the blastomeres blastocoel, part of it extends into what will be the posterior
end of the larva, generating a bend in the archenteron. Atare intercalated between the two main tiers of blastomeres
along the animal±vegetal axis (Fig. 3H2). Embryos with ei- the same time mesodermal cells form at the junction be-
tween the invaginating archenteron and the external epithe-ther of these cleavage patterns generate normal larvae. All
of the blastomeres at the 32-cell stage are roughly the same lium of the embryo, at its future anterior end (Fig. 3K). At
the end of gastrulation, the epithelial covering of the em-size and they all appear to contain the same amount of yolk;
however, the lipid droplets are only inherited by a subset bryo individuates into three territories, the dorsal and ven-
tral valves and the apical lobe (Figs. 1E and 3L), and theof the blastomeres at the vegetal pole. After the 32-cell stage
it is not clear that a stereotypical cleavage pattern exists. embryo takes on the shape of the larva. Frequently, the
polar bodies are visible on the surface of the central part ofSubsequent cleavages tend to build up layers of cells along
the animal±vegetal axis of the embryo. As cleavage contin- the dorsal valve at this stage (Fig. 2I). Subsequently the
various tissues that make up the larva differentiate.ues, a blastocoel forms. At the blastula stage the vegetal
cells containing lipid droplets protrude further into the cen- A 48-hr larva is shown in Fig. 3M. Its apical lobe is a
bilaterally symmetrical structure. It is partly covered withter of the embryo than the more animal cells do; as a conse-
quence the blastocoel cavity has a somewhat animal posi- long cilia that function in locomotion and feeding. The pres-
ence of cilia distinguishes lobe cells from all other externaltion (Figs. 1C, 2G, and 3I). While the initial cleavages of
the embryo were rather synchronous, cleavage synchrony cell types in the living larva. In ®xed and sectioned material
they can be distinguished from other cell types because ofdisappeared by the blastula stage of development.
Gastrulation begins with the invagination of the lipid their cilia, their external position, the fact that their exter-
nal surface scallops out, and the position of their nucleusdroplet-containing cells at the vegetal pole of the embryo
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FIG. 3. Diagrammatic views of selected developmental stages from the full-grown oocyte to the 2-day larva. (A) Side view of a full-grown
oocyte on a genital lamella. The oocyte is surrounded by follicle cells (Fc). The germinal vesicle (Gv) and large lipid droplets (L) are found
in characteristic positions in the oocyte. (B) Side view of an unfertilized egg. The chromosomes are in metaphase on the meiotic apparatus
(Ma) in preparation for the ®rst meiotic reduction division. A sperm (S) is about to fertilize the egg. (C) Side view of a fertilized egg after
both polar bodies (Pb) have been given off. (D) Side view of a 2-cell embryo. (E) Side view of a 4-cell embryo. (F) Side view of an 8-cell
embryo. (G1) Side view of a 16-cell embryo showing the elongate blastomere arrangement. (G2) Side view of a 16-cell embryo showing the
radial blastomere arrangement. (H1) Side view of a 32-cell embryo with square plate-like blastomere con®guration derived from G1. (H2)
Side view of a 32-cell pseudo-four-tiered embryo derived from G2. (I) Side view of a blastula showing a blastocoel (B1). (J) Side view of an
early gastrula. Invagination (I) is occurring at the vegetal pole. (K) Side view of a late gastrula. A blastopore (B) is present and mesoderm
(M) is beginning to individuate from the endoderm (E). (L) Side view of a late gastrula in which different regions of the future larva are
beginning to individuate (A±P, anterior±posterior; D±V, dorsal±ventral). (M1) Dorsal view of a 2-day larva. The apical lobe is at the
anterior end of the larva. The valves (Dv, dorsal valve) are at the posterior end of the larva. (M2) Sectional side view through a 2-day larva.
The ciliated apical lobe has an internal coelom (C). The gut (G) is ciliated and opens on the ventral surface of the larva via a stomodeum
(S). The mantle cells of the valves (Vv, ventral valve) have secreted an extracellular matrix. At this stage the larva is about to hatch and
will soon be functional.
in the center or apical region of a moderately elongated lumnar shape, the nucleus is near the basal surface of the
cell, and extracellular material can frequently be seen oncell (Fig. 1F). The apical lobe contains a coelomic cavity. A
basement membrane separates the epithelial cells of the the external surface of the cells (Figs. 1E and 1G). The cells
of the valve rest on a basement membrane. At a later stagelobe from the mesodermal cells that line the coelomic cav-
ity. The apical lobe is partly covered by dorsal and ventral in larval development a protegulum will be deposited under
the extracellular matrix that the mantle cells secrete onvalves; the dorsal valve is longer at this stage and covers
more of the lobe than the ventral valve does. The mantle their external surface. The gut occupies the base of the api-
cal lobe and the cavity between the valves. At this stage itcells that make up the valves secrete a thin layer of extracel-
lular matrix on their external surface; these are the only is a blind sack that opens to the outside of the larva just
below the apical lobe on the ventral surface. This openingcomponents of the surface of the larva that bind the lectin
Triticum (Fig. 2K). The edge of the shell of adult animals corresponds to the site of the blastopore during gastrulation.
The gut is surrounded by mesenchymal cells; these cellsalso stains with this lectin. This is the site where new peri-
ostracum of the shell is laid down as the shell grows (Wil- ®ll the space between the gut and the valves and the anterior
coelom. A basement membrane separates the gut from theliams, 1977). The Triticum probably binds the glycosamino-
glycans present in the periostracum or the pellicle over the mesenchymal cell population. The cells that make up the
gut can be distinguished from other cell types because ofperiostracum (Williams et al., 1994). In ®xed and sectioned
material the mantle cells are found on the surface of the their high level of esterase activity (Fig. 2J). In ®xed and
sectioned material, gut cells can be distinguished from otherlarva where they form an epithelial plate. The valve cells
can be distinguished from other cells because of their co- cells because they form a lumen that contains cilia, because
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FIG. 4. Time course of early development from fertilization to the 2-day larva. The top part of the diagram indicates when different
developmental events occur. The bars at the bottom indicate the developmental stages and times when different regions of the embryo
were isolated in experiments.
the surface of the cells that face the lumen is not scalloped, follicle cells, and the shedding of large oocytes from the
genital lamellae.and because of their relatively large nucleus (Fig. 1H). Gut
cells inherit the bulk of the vegetal lipid droplets of the Immediately after oocyte shedding, the marked oocytes
oocyte; however, this is not considered a criterion for gut were selected and individually examined with a dissecting
cell differentiation here. At present there are no unique microscope using re¯ected light and a compound micro-
markers that can be used to unambiguously distinguish scope in order to establish the position of the Nile blue
mesenchymal cells from other cell types in the larva. This mark with reference to the clear area with the meiotic appa-
description of embryogenesis and the structure of the young ratus. Over 80% (44 cases) of the marked oocytes matured.
larva is essentially identical to Yatsu's (1902) description In 75% of these cases the Nile blue mark was co-incident
for Lingula. with the clear region containing the meiotic apparatus; in
Figure 4 shows the time course of early development. 25% of the cases the edge of the clear region was within 20
Gastrulation is completed and bilateral symmetry is mor- mm of the center of the mark. Following maturation 42 of
phologically evident by 12 hr of development. Larvae were the marked oocytes were fertilized and the position of the
examined for Triticum binding, esterase activity, and cilia polar bodies with reference to the mark was measured be-
at 3-hr intervals beginning at 12 hr of development to estab- fore the eggs began to cleave. Both polar bodies were always
lish when these indices of cell differentiation ®rst appear. given off at the same site. In the 32 cases in which the mark
Gut-speci®c esterase activity and Triticum binding to valve was directly over the clear spot where the meiotic apparatus
cells ®rst appear at 18 hr of development; apical lobe cilia was located, the polar bodies were given off at this site. In
and gut cilia ®rst appear at 33 hr. the 10 cases in which the mark was to one side of the region
where the meiotic apparatus was located, the polar bodies
were to one side of the mark. These marking experiments
Fate Mapping the Glottidia Embryo con®rm the results of the cytological observations that re-
late the position of the germinal vesicle in the oocyte toThe relationship between the position of the germinal
the site of polar body formation in the egg.vesicle in the oocyte, the position of the meiotic apparatus
The animal±vegetal axis and the site of gastrulation.in the unfertilized egg, and the polar bodies in the fertil-
Marking experiments were done at three different develop-ized egg. Cytological observations on the position of the
mental stages to de®ne the relationship between the ani-germinal vesicle and lipid droplets in the full-grown oocyte,
mal±vegetal axis of the egg and the regions of the larva thatthe meiotic apparatus and the lipid droplets of the unfertil-
they form. Observations on the positions of the polar bodiesized egg, and the polar bodies and the lipid droplets of the
which are markers of the animal pole were also made infertilized egg indicate that the polar bodies are given off on
conjunction with these experiments. In the ®rst set of ex-the portion of the egg surface that corresponds to the surface
periments a portion of the 32 oocytes that were markednearest the site where the germinal vesicle resides in large
with Nile blue directly adjacent to the germinal vesicle,oocytes. This point was checked by marking a region about
which were then matured and fertilized, where the site of5 mm in diameter with Nile blue on the oocyte surface that
polar body formation corresponded to the marked site werewas directly adjacent to the germinal vesicle by staining
followed through development. In the second experiment,through the thin follicle cell layer that surrounds the oo-
unfertilized eggs were marked with Nile blue at the animalcyte. In each experiment several oocytes on a small piece
or vegetal pole; these cases were then fertilized and develop-of genital lamellae were stained. These pieces of genital
ment was monitored. In the third set of experiments, fertil-lamellae were then treated with 5 mM dibutyryl cAMP in
sea water to induce oocyte maturation, the retraction of the ized eggs that had produced both polar bodies, but had not
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FIG. 5. Summary of experiments establishing the presumptive fates of animal and vegetal regions of the egg. (A) Animal region marking
experiments. (B) Vegetal region marking experiments. For each experiment the ®gures indicate the initial stage and site marked, subsequent
stages examined, and the site of the mark at these stages. The stages marked and examined include full-grown oocytes, matured but
unfertilized eggs, fertilized eggs between polar body formation and ®rst cleavage, 4-cell embryos, 16-cell embryos (some of these cases
had a radial blastomere con®guration), early gastrula, and late gastrula. All ®gures are side views. The ®rst number in each row refers to
the number of cases marked at that stage; subsequent numbers at later stages indicate that the mark was seen at that stage at the location
indicated. The number in parentheses after a given number gives those cases in which the polar bodies were visible. The position of the
mark is indicated by the dots.
yet cleaved, and four-cell embryos were marked, either at the egg was fertilized, the mark always ended up at the
vegetal pole of the egg directly opposite the polar bodies.the site of polar body formation or directly opposite this
site, and development was monitored. When an embryo that was marked opposite the site of polar
body formation reached the 4-cell stage, the external junc-The results of these experiments are summarized in Fig.
5. When the mark was placed at the clear spot on the unfer- tion where each of the four blastomeres meet was always
marked on the side of the embryo opposite the polar bodies.tilized egg where the meiotic apparatus is and the egg was
fertilized, the mark always corresponded to the site of polar At the 16-cell stage, the mark stains the margins of the four
blastomeres in the middle of the elongated axis on the sidebody formation. When an embryo marked at the site of polar
body formation reached the 4-cell stage, regions of each of of the embryo opposite the polar bodies. When embryos
that had been marked at the vegetal pole began to gastrulate,the four blastomeres that de®ne the external junction where
they meet were always stained just under the polar bodies. the mark always corresponded to the site of invagination;
by late gastrulation the mark was completely internalized.At the 16-cell stage when the embryo is typically elongate,
the mark is in the middle of the elongated axis staining the This set of animal and vegetal fate mapping experiments
are internally consistent.margins of the four blastomeres just under the polar bodies.
During early gastrulation the embryos always have their The plane of the ®rst cleavage and the axis of bilateral
symmetry of the larva. In some animals there is a ®xedmark on their surface directly opposite the site where invag-
ination is occurring. When polar bodies can be seen, they relationship between the plane of the ®rst cleavage during
embryogenesis and a plane of symmetry in the larva or juve-are always at the marked site. Just after gastrulation is
completed, when the regions that will become the apical nile that is generated (Wall, 1990). In order to ®nd out if
this is the case in the Lingulacea, two kinds of experimentslobe and valves are apparent, the mark is always on the
dorsal valve, and the polar bodies, when visible, are in the were done. Two-cell embryos had the equatorial region of
one blastomere marked with Nile blue furthest from thecenter of the marked region. The mark is directly opposite
the blastopore. In addition to these marked cases, the sites plane of the ®rst cleavage. At the 4-cell stage, the mark
was always shared by two blastomeres on either side of thewhere the polar bodies were located has been examined for
a large number of embryos at different stages of develop- second cleavage furrow. As a control, 4-cell embryos had
the equatorial region shared by two adjacent blastomeresment. In every case the polar bodies were in the positions
shown in Fig. 5. along the plane of the ®rst cleavage marked with Nile blue.
These embryos were prepared for staining at the 4-cell stageWhen the mark was placed opposite the clear spot on the
unfertilized egg where the meiotic apparatus is located and by having one blastomere marked with neutral red at the
Copyright q 1995 by Academic Press, Inc. All rights of reproduction in any form reserved.
/ m4070$8011 10-02-95 06:00:07 dba Dev Bio
23Glottidia Regional Speci®cation
FIG. 6. Summary of experiments establishing the relationship between the ®rst two planes of cleavage and the larval plane of symmetry.
Under A in the column on the left, a 4-cell embryo is stained equatorially at one end of the plane of the ®rst cleavage. The positions this
mark can have in a 16-cell embryo are also shown on the left. Two classes of these 16-cell embryos have an elongated blastomere
con®guration and one class has the radial blastomere con®guration. The distribution of cases in each of these categories is indicated. The
top horizontal row to the right shows 24-hr larvae viewed from their dorsal surface with stain in different positions around their perimeter.
The categories used for classifying the positions of the marks are, from left to right: right posterior lateral, right lateral, right anterior
lateral, anterior, left anterior lateral, left lateral, left posterior lateral, and posterior. The distribution of marked cases seen in the 24-hr
larva is shown for each class of 16-cell embryo. The number of cases in each positional category is summed, and the percentage of cases
in each category is indicated. Under B in the column on the left, a 4-cell embryo is stained equatorially at one end of the plane of the
second cleavage and the distribution of the marks in different classes of 16-cell embryos is shown. For each class of 16-cell embryos, the
distribution of marks on the 24-hr larvae is shown.
2-cell stage so that the plane of the ®rst cleavage could be the embryos were elongated (Fig. 3G1), in almost every in-
stance the mark was in the center of the row but to onerecognized at the 4-cell stage. The position of the mark was
noted at the 16-cell stage, early gastrula, and at 16±20 hr, side of the polar bodies. These experiments show that during
normal embryogenesis the planes of the fourth cleavage nor-when the apical lobe and valves are apparent.
When the plane of second cleavage was marked and the mally parallel the plane of the ®rst cleavage. The cases in
which a radial blastomere con®guration is seen at the 16-embryo examined at the 16-cell stage (Fig. 6B), in those cases
where the embryo had an elongated shape (Fig. 3G1), the cell stage are hard to characterize. It is not clear whether the
cleavages that generate this stage occur at an oblique anglemark was almost always at one end of the row blastomeres.
In a minority of cases, the mark was in the center of the row with reference to the plane of the ®rst cleavage or whether
there is a shift in blastomere position following cleavageto the side of the polar bodies. There were also cases in
which the blastomeres had a radial con®guration around the parallel to the plane of the ®rst or second cleavage.
In early gastrulae these stained marks have an equatorialembryo's animal±vegetal axis (Fig. 3G2). In these cases the
mark has a lateral position, but because of the radial blasto- position at some point around the animal±vegetal axis of
the embryo. As gastrulation proceeds, there is no movementmere con®guration, all positions around the circle are equiva-
lent. In the control experiments in which the plane of the of these marks toward the vegetal pole where invagination
is occurring. This suggests that gastrulation involves only®rst cleavage was marked (Fig. 6A), complementary regions
were stained in the 16-cell embryo. In those cases in which the cells at the vegetal pole of the embryo.
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There is a one-to-one relationship between the planes of
the ®rst two cleavages and the symmetry properties of the
larva. A mark placed at one end of the plane of the second
cleavage that ended up at one end of the row of blastomeres
in the 16-cell embryo was subsequently found on one side
of the larva (Fig. 6B). Typically the stain was found on the
adjacent edges of each valve and the region in between. A
mark placed at one end of the plane of the ®rst cleavage
that ended up in the middle of the row in the 16-cell embryo
was subsequently found at either the anterior end of the
larva in its apical lobe or the posterior end of the larva where
FIG. 7. Summary of fate mapping experiments. (A1) A side viewthe two valves meet (Fig. 6A). The equal distribution of
of an eight-cell embryo. The animal half of the embryo has beenmarks on the left or right side and the anterior or posterior
marked with dots and a lateral half has been marked with obliqueends of the larvae indicate that the procedure used for mark-
lines using the embryo's second cleavage plane as a boundary. (A2)ing a given region of the cleavage-stage embryo does not
The distribution of these marks in a side view of a 24-hr larva. (B1)bias the plane of bilateral symmetry. When one end of the An animal view of an eight-cell embryo in which a lateral half has
plane of second cleavage was marked, and the blastomere been marked with oblique lines using the embryo's ®rst cleavage
con®guration at the 16-cell stage was radial, one side of the plane as a boundary. (B2) The distribution of these marks in a dorsal
larva was labeled in almost every case. In radial 16-cell view of a 24-hr larva.
embryos in which one end of the ®rst cleavage plane was
marked, either the anterior or posterior end of the larva
was labeled. These observations on the presumptive fate of
Regional Speci®cation in the Egg and Embryo fromblastomeres in embryos with a radial blastomere con®gura-
Prior to Fertilization through Gastrulationtion versus those with an elongate blastomere con®guration
suggest that blastomere arrangement in and of itself at this
The timing of regional speci®cation was addressed by iso-stage does not play a role in specifying the plane of bilateral
lating animal, vegetal, or lateral halves from unfertilizedsymmetry. Figure 6 also shows that there is a small number
eggs and embryos at different stages of development andof cases in which early cleavage-stage embryos were marked
examining their ability to differentiate. The times whenat one end of the plane of the ®rst or second cleavage and
these isolation experiments were carried out are indicated
the mark ended up in an atypical position at the 16-cell
in Fig. 4; these developmental stages include the unfertil-
stage. In some of these cases one end of an elongated 16- ized egg, the two- through eight-cell stages, the blastula,
cell embryo was labeled when the mark was placed at one and early and late gastrula stages. In every case an attempt
end of the ®rst cleavage furrow. In other cases the middle was made to rear both halves of the same embryo. Figure
of the elongated embryo was labeled when the mark was 9K shows a typical pair of halves immediately after isola-
applied to one end of the second cleavage furrow. In these tion. The way the half differentiated was compared to what
cases, the shape of the 16-cell embryo is correlated with the one would expect for that region given the fate map of the
plane of bilateral symmetry rather than the plane of the embryo.
®rst cleavage. In these same early cleavage-stage embryos, Regional speci®cation along the animal±vegetal axis.
the planes of the fourth cleavage have been simultaneously Unfertilized eggs or uncleaved fertilized eggs with polar
altered. This suggests that there may be asymmetries built bodies were marked at the future site of polar body forma-
into the egg that simultaneously affect the cleavage pattern tion, the site of polar body formation, or directly opposite
and the establishment of the axis of bilateral symmetry. this site. Figure 8A shows where the cuts were made on
Additional experiments, described later, further examine marked specimens to create animal and vegetal halves at
the relationship between cleavage pattern and the establish- different developmental stages.
ment of the axis of bilateral symmetry. When operations were performed on unfertilized eggs,
Figure 7 shows the fate map of an eight-cell embryo pro- each set of halves was fertilized individually in 1.5-ml glass
jected onto a larva. The animal half of the embryo gives wells using the same ®nal concentration of sperm that was
rise to part of the apical lobe and the dorsal valve. The used to fertilize mass cultures. Fertilization was assayed by
vegetal half gives rise to part of the apical lobe, the ventral noting whether or not cleavage was initiated. When animal
valve, the mesoderm, and gut. One end of the plane of the and vegetal halves were created, in 35/39 cases both halves
®rst cleavage gives rise to the anterior half of the larva; this cleaved. These observations suggest that any part of the egg
includes the apical lobe, a bit of the dorsal valve, mesoderm, surface can serve as a sperm fusion site.
and part of the gut. The other end of the plane of the ®rst When animal halves are fertilized, one expects them to
cleavage gives rise to the posterior half of the larva; this be diploid because they contain the meiotic apparatus. The
includes most of the dorsal valve, the ventral valve, and animal halves from unfertilized eggs always produced polar
bodies after fertilization. In those cases in which the site ofthe gut.
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FIG. 8. Diagram showing operations used to create animal, vegetal, and lateral halves in (1) unfertilized eggs, (2) four- to eight-cell
embryos, (3) blastulae, (4) early gastrulae, and (5) late gastrulae. The times during development when these operations were performed
are given in Fig. 4. (A) Operations used to create animal and vegetal halves. In each of these cases the unfertilized egg or embryo was
marked at either the animal or vegetal pole (only cases marked at the animal pole are shown here) either prior to fertilization or between
polar body formation and ®rst cleavage. The mark allows one to orient the embryo so that it can be cut in an appropriate plane; it also
allows one to identify each half after the operation. (B) Operations used to create lateral halves. Prior to these operations each unfertilized
egg or embryo was marked at the animal or vegetal pole with neutral red, either prior to fertilization or between polar body formation
and ®rst cleavage. When the operations were to be done on embryos, each embryo was also marked with Nile blue by staining an equatorial
region of the surface of one blastomere of a two-cell embryo furthest from the plane of the ®rst cleavage. The lateral cuts were made
along the ®rst or second cleavage plane. In the cases shown in B2-B5a the cut creating the lateral half was made along the plane of the
®rst cleavage. In another set of experiments, not shown except for B5b, the cut was made along the plane of the second cleavage. When
lateral cuts were made through unfertilized eggs, it was not possible to orient the cut with reference to a future plane of cleavage. In A1-
A5 and B1-B4, the unfertilized eggs and embryos are viewed from the side. In B5a and B5b the embryo is shown in dorsal view. The oblique
lines indicate neutral red; the dots indicate Nile blue.
the meiotic apparatus was marked prior to fertilization, the lial vesicles with a variable number of loose round cells in
their lumen (Fig. 9A). Only one of the animal halves isolatedpolar bodies always formed at this site following fertiliza-
tion. One would expect fertilized vegetal halves of unfertil- from matured oocytes formed apical lobe cilia. These cilia
occupied a sector of the epithelial surface. Some of theseized eggs to be haploid because they lack a maternal chro-
mosome set; these halves never formed polar bodies. When cases had very short cilia coming out of a sector of their
epithelial surface; however, they were only observed in sec-lateral halves of unfertilized eggs were fertilized and both
halves cleaved, only one half formed polar bodies. The polar tioned material. In animal halves isolated between the un-
fertilized egg stage and early gastrula there was a progressivebodies were always given off at the animal pole. Diploid
animal and lateral halves, haploid vegetal and lateral halves, increase in the percentage of cases that formed a sector of
apical lobe cilia. None of the animal halves isolated fromand intact eggs fertilized at the same time initiated ®rst
cleavage at about the same time. When animal, vegetal, unfertilized eggs formed valve mantle cells; however, a
small proportion of animal isolates from eight-cell embryosand lateral halves initiated ®rst cleavage, the plane of the
cleavage went through the animal±vegetal axis of the em- and blastulae differentiated these cells. There was a marked
increase in mantle cell differentiation in animal halves ofbryo as indicated by the dye mark. The plane of the second
cleavage also went through the animal±vegetal axis at right early gastrulae; at this stage there was also a marked change
in the form of these isolates (Fig. 9B). The apical lobe ciliaangles to the plane of the ®rst cleavage. Subsequent cleav-
ages also appeared to be normal. were found in one sector that formed a spherical protrusion
that came off a ¯at epithelial plate composed of mantleThe way animal and vegetal halves develop depends on
their developmental stage at isolation (Table 1). Animal cells. Both sides of the plate bound Triticum lectin. In a
normal larva each valve is a separate entity. In these caseshalves isolated from prior to fertilization to the early gas-
trula stage showed no sign of forming a vegetal invagination there is continuity between the mantle epithelium at the
top of the plate and the mantle epithelium on the undersidetypical of gastrulation; there was no histological evidence,
based on sectioned material (with the exception of one case of the plate. These isolates resemble the epithelial covering
of a normal larva. Animal halves isolated from late gastrulaeat early gastrula), that they formed mesoderm or endoderm,
and they did not develop esterase-positive gut cells. Most included mesoderm and endoderm; they developed a cili-
ated apical lobe that frequently contained coelomic cells, aanimal halves isolated at these stages developed into epithe-
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TABLE 1
Differentiation of Unfertilized Egg Halves and Embryo Halves Isolated at Different Stages
Differentiation (%) Assays
Total
Developmental number Died during Cilated Cases with
Kind of isolate stage cases development apical lobe Gut Mantle 2 valvesa Triticum Esterase Sectioned
Animal Unfertilized eggs 33 2 1/31 (3) 0/29 0/30 0/20 0/19 10
Eight-cell 28 6 5/22 (23) 0/17 1/22 (5) ?/1 1/16 0/10 7
Blastula 35 0 24/35 (69) 0/28 2/34 (6) ?/2 2/26 0/19 9
Early gastrula 28 0 25/28 (89) 1/20 (5) 24/28 (86) ?/24 16/20 0/12 8
Late gastrula 29 0 28/29 (97) 25/27 (97) 27/27 (100) 0/27 17/17 15/17 10
Vegetal Unfertilized eggs 33 3 20/30 (67) 15/20 (75) 24/24 (100) 24/24 (100) 15/15 8/11 9
Eight-cell 29 3 21/26 (81) 20/22 (91) 20/23 (87) 17/20 (85) 12/13 10/12 10
Blastula 37 0 32/37 (87) 26/26 (100) 31/33 (94) 24/31 (77) 23/23 16/16 10
Early gastrula 28 0 28/28 (100) 18/21 (86) 24/25 (96) 7/25 (28) 13/14 8/10 11
Late gastrula 29 0 29/29 (100) 24/24 (100) 28/28 (100) 0/28 (0) 18/18 14/14 10
Lateral Unfertilized eggs 44 6 23/38 (61) 23/26 (89) 26/36 (72) 22/86 (85) 15/22 10/12 14
Lateral, plane of Four-cell 74 6 24/68 (35) 41/44 (93) 31/64 (49) 17/31 (55) 25/46 23/26 18
2nd cleavage
Blastula 71 4 28/67 (42) 36/39 (92) 34/61 (56) 19/34 (56) 27/45 20/23 16
Early gastrula 52 2 19/50 (38) 25/27 (93) 27/44 (61) 16/27 (59) 20/32 14/15 12
Lateral, anterior Late gastrula 28 0 28/28 (100) 24/24 (100) 18/26 (69) ?/18 12/16 14/14 10
Lateral, posterior Late gastrula 24 0 1/24 (4) 20/21 (95) 24/24 (100) 19/24 (79) 16/16 14/14 8
Lateral, plane of Four-cell 79 19 46/60 (77) 37/44 (84) 40/55 (73) 32/40 (80) 28/39 25/28 16
1st cleavage
Blastula 56 0 45/56 (80) 36/42 (86) 47/53 (89) 40/47 (85) 32/38 22/27 15
Early gastrula 52 0 40/52 (77) 27/30 (90) 42/48 (88) 35/42 (83) 32/34 14/16 14
Lateral, plane of Late gastrula 37 0 37/37 (100) 27/29 (93) 36/36 (100) 36/36 (100) 26/26 17/19 10
Bilateral
Symmetry
a In cases with a (?), it is not clear whether one or two valves are present.
gut, and dorsal valve (Fig. 9C). The ventral valve was invari- This may re¯ect the fact that more of the apical lobe-form-
ing region of the embryo resides in the vegetal as opposedably absent.
Vegetal halves isolated from matured oocytes through the to the animal half of the embryo. In early gastrulae a high
percentage of animal halves differentiated mantle valveblastula stage gastrulated on schedule with intact controls;
vegetal halves isolated from early gastrulae continued gas- cells. Two of these animal halves were paired with vegetal
halves that formed two valves. This suggests that the forma-trulating even though it took slightly longer to generate a
small blastopore. In most cases the vegetal halves formed tion of a mantle valve by an animal half is not tied to the
inability of the corresponding vegetal half to regulate bya ciliated apical lobe: a gut and the mantle cells of the valve.
In all of the sectioned material examined, cells with large forming a dorsal mantle when this mantle-forming region
is removed from the embryo.osmophilic lipid droplets were present in the center of the
isolate. In most cases these cells had formed a gut. In most These results indicate that the ability to gastrulate and
form a gut is a property of the vegetal region of the embryoof the sectioned material, mesoderm could also be identi®ed
(Fig. 9D). Many of the vegetal isolates, especially when they and that the epithelium that makes up the animal half of
the embryo must interact with the vegetal half in order towere derived from unfertilized eggs through the blastula
stage, formed half-sized larvae with two valves. There was differentiate an apical lobe and valve mantle cells.
Regional speci®cation in lateral halves: anterior, poste-a marked decline in cases with two valves in isolates from
early gastrulae, and no vegetal isolates from late gastrulae rior, and bilateral halves of late gastrulae. The anterior
and posterior regions and the plane of bilateral symmetryformed two valves. There were a number of pairs of isolates
from a given embryo that were analyzed for each develop- of the future larva ®rst become apparent at the late gastrula
stage. The operations for producing anterior, posterior, andmental stage. In those cases in which both members of a
pair formed apical lobe cilia, there was always a larger sector bilateral halves at this developmental stage are diagrammed
in Fig. 8B (see portions 5a and 5b of the diagram). The resultsof apical lobe cilia in isolates from vegetal halves (Fig. 9B).
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FIG. 9. Procedures for isolating parts of embryos and the morphology of different classes of isolates. (A) Section through an animal half
isolated at the eight-cell stages. This case has formed apical lobe cilia. Internal cells are absent. (B1) Animal and vegetal halves isolated
from an early gastrula. The animal half (right) has formed a small apical lobe (AL) and a large mantle (V) region. This half was negative
when it was assayed for esterase. The vegetal half (left) has formed a large apical lobe and one valve. This half was positive when it was
assayed for esterase. (B2) The same halves shown in B1 viewed with ¯uorescence to assay for Triticum binding. Both halves are positive.
(C) Animal half from a late gastrula with part of an apical lobe and one valve. This half was positive when it was assayed for esterase.
(D) Section through a vegetal half from an eight-cell embryo. Note the gut (G), the mesoderm (M), and the valves. Other sections through
this isolate showed an apical lobe. (E) Anterior (right) and posterior (left) halves from a late gastrula. The anterior half has formed an
apical lobe but lacks mantle cells. The posterior half has formed two valves but lacks an apical lobe. (F1) Left and right halves from a late
gastrula. Both halves have formed an apical lobe and valves. (F2) The same halves shown in F1 viewed with ¯uorescence to assay for
Triticum binding. Both halves are positive. (G) Section through an anterior half that differentiated after a blastula was sectioned along
its second plane of cleavage. This half has formed an apical lobe and part of a gut but lacks mantle cells. Mesodermal cells are abundant.
(H) Section through the posterior half of the same blastula that gave the anterior half in G. This half has a gut and mantle cells, but lacks
apical lobe cells. Note the lack of mesoderm. G and H should be compared to A and D. A, D, G, and H are at the same magni®cation.
The bar in H indicates 50 mm. (I1) Anterior and posterior halves from a blastula-stage embryo sectioned along the plane of the second
cleavage. The anterior half with the apical lobe is to the left. (I2) The same halves shown in I1 viewed with ¯uorescence to assay Triticum
binding. The anterior half has less valve material than the posterior half. (J1) Anterior and posterior halves from a four-cell embryo sectioned
along the plane of the second cleavage. The anterior half with the apical lobe is to the right. (J2) The same halves shown in J1 viewed with
¯uorescence to assay for Triticum binding. Both halves have valves of equivalent size. B, C, E, F, I, and J are at the same magni®cation.
The bar in J1 indicates 50 mm. (K) Four-cell embryo cut into two lateral halves along the plane of the second cleavage with a noose
separating the halves. The bar indicates 100 mm.
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of these experiments are summarized in Table 1. Anterior expected meridian of the larva. Therefore, even if regional
speci®cation has occurred at these stages, more variabilityhalves created at this stage formed a normal-sized apical
lobe and a small gut. A small tag of mantle cells was also in the data on the differentiation of halves would be ex-
pected than was seen at the late gastrula stage.present in about 70% of the cases. In every case that was
sectioned, it was clear that mesodermal cells were present; Table 1 shows that lateral halves prepared by making a
cut along the plane of the ®rst cleavage form a ciliated apicalthe presence of a coelom in the apical lobe was evident.
Posterior halves almost always lacked an apical lobe. (In lobe, a gut, and two valves in a high proportion of cases.
Many of these cases form normally proportioned half-sizedthe single case in which an apical lobe was present, it was
diminutive.) These cases usually had a gut and two well- larvae; they look like the larvae shown in Fig. 9F. When
lateral halves are produced by making a cut along the planedeveloped valves. In 4 of the 8 cases that were sectioned,
there were a few cells that looked like mesodermal cells in of the second cleavage, the resulting halves differentiate gut
in a high percentage of cases; however, the frequency withthe center of the larva surrounding the gut. In 20 cases both
halves of the same embryo were analyzed; Fig. 9E shows which these cases form apical lobe and mantle cells is lower
than it is for lateral halves produced by making a cut alongone of these pairs.
When bilateral halves were created, most halves formed the plane of the ®rst cleavage. Most of these halves did not
form a normal half-sized larva.an apical lobe, a gut, and both valves. In 17 cases both halves
of the same embryo were analyzed (Fig. 9F). Five pairs were A better insight into how the larval halves resulting from
these two kinds of operations differ is obtained if one com-sectioned; in each case both halves had mesodermal cells.
One issue raised by this experiment is whether a bilateral pares the way both halves derived from the same embryo
differentiate. Figure 10 presents a set of matrices indicatinghalf at this stage can regulate to form a whole larva. The
apical lobe of the larva has a central region on its surface the frequency with which pairs of lateral halves from the
same embryo show a given combination of differentiatedthat is cilia-free (Fig. 3M1). After a late gastrula is cut into
bilateral halves, one can examine the position of the cilia- traits. The two kinds of differentiated characters considered
here are the apical lobe, which is a marker for the anteriorfree region in the apical lobe of the resulting larvae to see
whether it has a central position in each half or a lateral end, and the valves, which are a marker for the posterior
end of the larva. Both halves of an embryo can form anposition in each half where the halves form a mirror image.
Eight cases were seen where the cilia-free area for each apical lobe and valve, one half can form an apical lobe and
valve while the other half forms an apical lobe but lacks amember of the pair was lateral in the mirror image con®gu-
ration. For various reasons it was dif®cult to analyze the valve, or both halves can form an apical lobe while each
half lacks valves (Fig. 10, see dotted section in four-cell 1stother nine pairs. In no case was I convinced that the cilia-
free area was in the center of the apical lobe for each mem- cl. matrix). This class of pairs differentiated with a high
frequency when a cut was made along the plane of the ®rstber of the pair even though there were three cases in which
at least one member of the pair appeared to have a cilia- cleavage in four-cell embryos through early gastrula. One
half from an embryo can form an apical lobe and valvesfree area in the center of the apical lobe.
These results indicate that by the late gastrula stage of while the other half lacks an apical lobe but forms a valve
or one half can differentiate an apical lobe but lack valvedevelopment, regional speci®cation has occurred in the an-
terior and posterior regions of the embryo and that the em- material while the other half forms valves but lacks an api-
cal lobe (Fig. 10, see dotted sections in four-cell, 2nd cl.bryo at this stage has little or no ability to regulate.
Regional speci®cation in lateral halves: Four-cell stage matrix). This class of pairs differentiated with a high fre-
quency when a cut was made along the plane of the secondto early gastrulae. The operations for producing lateral
halves from four-cell embryos through early gastrulae are cleavage in four-cell embryos through early gastrulae. The
frequency of each class of paired halves is given at the bot-outlined in Figs. 8B2±8B4. These operations involved mak-
ing a cut along either the plane of the ®rst cleavage or the tom of individual matrices.
These results suggest that the basis for regional speci®ca-plane of the second cleavage. In most cases the plane of the
®rst cleavage corresponds to the future plane of bilateral tion has already been set up along the anterior±posterior
axis of the embryo by the four-cell stage of development.symmetry of the larva, while the plane of the second cleav-
age should separate the presumptive anterior from the pre- Regional speci®cation in lateral halves: unfertilized
eggs. While the animal±vegetal axis can be identi®ed insumptive posterior region of the larva; however, at these
stages it is not possible to predict which of these halves unfertilized eggs and one knows that the ®rst two cleavage
planes normally go along this axis, one cannot predict thewill form the anterior or posterior region of the larva. One
should note that the relationship between the plane of plane of the ®rst cleavage. The operations for producing a
lateral cut in a matured oocyte are outlined in Fig. 8B1.cleavage and a given presumptive region of the future larva
is only approximate (Fig. 6). In about 5% of the cases the When this operation is done, one has to assume that a given
cut can take place at any angle with respect to the plane ofrelationship between the planes of the ®rst two cleavages
and the lateral regions of the larva are inverted; because of the ®rst cleavage. In many groups of animals the basis for
regional speci®cation along the anterior±posterior axis ofthe vagaries involved in marking embryos, sometimes the
mark ends up in an oblique position rather than on the the embryo is set up at fertilization or shortly after fertiliza-
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FIG. 10. Matrices showing the frequency with which pairs of lateral halves from the same oocyte or embryo exhibit a given combination
of anterior or posterior regional differentiations depending upon the plane along which the lateral cut was made and the developmental
stage when the cut was made. (A, apical lobe; V, valve; /, presence; 0, absence of a given kind of differentiation.) At the bottom of each
matrix there is a ratio giving the number of bilateral pairs (B) versus the number of anterior±posterior pairs (AP). See the text for a more
detailed explanation of the ®gure.
tion (Wall, 1990). If the basis for regional speci®cation along it was absent or very sparse in the posterior half (Figs. 9G
and 9H). In those cases in which the halves that make upthe anterior±posterior axis of the future larva has not been
set up prior to fertilization, one would expect both lateral a pair each formed lateral structures, and both halves were
sectioned, each half formed an equivalent amount of meso-halves from a matured oocyte to form an apical lobe in a
high proportion of cases while cases where one half formed derm irrespective of when the operation was performed.
This suggests that the capacity to form mesoderm may alsoan apical lobe and the other half did not would be rare. An
analysis of the different classes of larvae in which both be localized in matured oocytes in roughly the same lateral
meridian where the factors specifying apical lobe formationhalves originated from the same unfertilized egg (Fig. 10)
shows that the number of bilaterally symmetrical pairs of reside; however, the capacity to form mesoderm would have
a more vegetal localization.larvae only slightly exceeds the number of pairs in which
only one member formed the anterior region of the larva. The regulative capacity of lateral halves from unfertil-
ized egg through late gastrula. When late gastrulae wereThis result would be expected if the basis for anterior±pos-
terior regional speci®cation was already set up in a lateral cut laterally into anterior and posterior halves, the anterior
halves that formed valve (65% of cases) generally formedposition in the unfertilized egg. One might postulate that
this special region is a cytoplasmic determinant that is nec- only a nubbin of mantle cells at their posterior end (Fig. 9I).
This is not always the case when a lateral cut separatesessary for apical lobe speci®cation. Sometimes the lateral
cut through the matured oocyte would bisect this region, presumptive anterior and posterior halves at earlier stages
of development. While there was not an increase in thegiving both halves this cytoplasmic domain; other times
the lateral cut would be made in such a way that one lateral percentage of anterior halves that formed valve material,
sometimes the anterior half in addition to its apical lobehalf would inherit this domain while the other lateral half
would lack it. also had two well-developed valves while the posterior half
from the same matured oocyte or early embryo had twoIn a number of cases at each developmental stage from
the unfertilized egg through the early gastrula stage of devel- valves of comparable size (Fig. 9J). Figure 11 presents a series
of matrices comparing the distribution of valve sizes in pairsopment in which one member of a pair showed an anterior
phenotype and the other member showed a posterior pheno- of anterior and posterior halves from unfertilized eggs
through late gastrula stages of development, for those casestype, each of the halves was sectioned. In these halves,
mesoderm was always abundant in the anterior half while in which both halves of a pair formed mantle cells. Anterior
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FIG. 11. Matrices showing the frequency with which anterior and posterior halves from the same oocyte or embryo both formed normal-
sized valves versus pairs in which the valves differ markedly in size, as a function of isolation at different developmental stages. An
anterior half is an isolate that forms an apical lobe (/AL) while a posterior half is an isolate that does not form an apical lobe (0AL). A
large valve (LV) is a half that formed two good-sized valves (e.g., the posterior half in Fig. 9I or either the anterior or posterior half in Fig.
9J), while a small valve (SV) is a half that forms only a nubbin of valve material (e.g., the anterior half in Fig. 9I).
halves from unfertilized eggs formed two large valves in not parallel the plane of the ®rst cleavage, but parallel the
every case; by the four-cell stage only 56% of the anterior plane of the second cleavage. This change in the placement
halves formed large valves, and in blastula and early gas- of the planes of the fourth cleavage may cause a change in
trula, cases in which anterior halves formed two large valves the placement of the anterior±posterior axis of the future
were rare. This loss in the ability of anterior halves to regu- larva. The other possibility is that the plane of the ®rst
late by forming large valves as a function of developmental cleavage is in¯uenced by the placement of a determinant
time is correlated with the gain in the ability of animal that plays a role in setting up the future anterior±posterior
halves to form a dorsal valve as these halves are isolated at axis of the larva so that under normal circumstances the
later and later stages of development. plane of the ®rst cleavage goes through the determinant. In
When late gastrulae were cut into halves along the plane a few cases in which the lateral mark does not agree at the
of bilateral symmetry there was no indication, as judged by 16-cell stage with the majority of cases marked along the
the morphology of the apical lobe, that these half embryos same plane of cleavage, the initial position of the ®rst plane
regulated to form whole larvae. When a lateral cut was made of cleavage would have been along the animal±vegetal axis
along the plane of the ®rst cleavage to separate presumptive of the egg but perpendicular to the position of the determi-
left and right halves of embryos at earlier stages of develop- nant. Somehow the misalignment of the plane of the ®rst
ment, both halves from the same embryo frequently formed cleavage would affect the placement of the planes of the
an apical lobe. At all stages from the unfertilized egg fourth cleavage so that they would parallel the plane of the
through the early gastrula, for those halves in which both second cleavage, and the anterior±posterior determinant
members of a pair formed an apical lobe, there were 45 would end up in the center of the elongated embryo.
isolates (in eight pairs, both halves were from the same One can distinguish between these two possibilities by
unfertilized egg or embryo) in which the apical lobe, in spite changing the positions of the fourth cleavage planes and
of its smaller-than-normal size, had a central region devoid seeing if a lateral mark placed along the plane of the second
of cilia. These cases indicate that regulation had taken place cleavage changes from its expected lateral position to an
to give a whole larva. There were no cases in which a region anterior or posterior position in the larva. The lateral region
devoid of cilia appeared to be on one side of the apical lobe. of one blastomere of a two-cell embryo furthest from the
plane of the ®rst cleavage was marked and these embryos
were reared to the eight-cell stage. A small number of these
Does Changing the Plane of the Fourth Cleavage embryos were then placed in a thin slot on a slide that
Change the Plane of Bilateral Symmetry in the slightly compressed the embryos. Cases were selected in
Larva? which the stain was in either a frontal or a lateral position
and the polar bodies, when they could be seen, were againstThe isolation experiments reported here for matured oo-
one side of the groove (Fig. 12A). When these cases cleaved,cytes and 4-cell embryos indicate that the basis for regional
in most cases the planes of the fourth cleavage furrows werespeci®cation along the future anterior±posterior axis of the
perpendicular to the long axis of the groove (Rappaport,larva is most probably set up prior to fertilization. However,
1974). The position of each embryo in the slot and its planethe fate mapping experiments indicate that in a minority
of fourth cleavage with reference to the mark was noted.of cases the position of the lateral mark in the elongated
The cases of interest were removed from the groove and16-cell embryo did not match the position of the majority
reared in isolation; the next day the position of the markof marks that were placed along the same cleavage plane in
in the larva was noted.2- or 4-cell embryos. In these cases the elongated blastomere
Every embryo that was forced into an elongated con®gu-con®guration at the 16-cell stage is a better predictor of the
ration at the eight-cell stage developed into a normal larva.anterior±posterior axis of the future larva than the mark is
(Fig. 6). In these cases the planes of the fourth cleavage do The distribution of marks in the larvae (Fig. 12B) indicate
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FIG. 12. Design and summary of results for experiments in which the planes of the fourth cleavage were altered so that they paralleled
the plane of the second cleavage. (A) Experimental design: (1) Marked 2-cell embryo. (2) Equatorial position of mark in 8-cell embryo. (3a)
Insertion of marked 8-cell embryo in groove with its animal pole against the lateral wall of the groove and the mark at one end of the
elongated embryo. (4a) Embryo from 3a after the fourth cleavage. This is the control for the experiment. In this case the planes of the
fourth cleavage paralleled the plane of the ®rst cleavage. (3b) Insertion of marked 8-cell embryo in groove with its animal pole against
the lateral wall of the groove and the mark in the center of the elongated embryo. (4b) Embryo from 3b after the fourth cleavage. In this
case the planes of the fourth cleavage paralleled the plane of the second cleavage. (B) Experimental results: The column on the left shows
the positions of the mark in the two different classes of 16-cell embryos. The top horizontal row to the right shows 24-hr larvae viewed
from their dorsal surface with stain in different positions around their perimeter. The categories for classifying the positions of the marks
are, from left to right: right posterior lateral, right lateral, right anterior lateral, anterior, left anterior lateral, left lateral, left posterior
lateral, and posterior. The distribution of marks in the larvae is shown for each class of 16-cell embryo.
that changing the plane of the fourth cleavage so that it be identi®ed at this stage because of the orientation of the
oocyte on the genital lamella and the positions of the germi-paralleled the plane of the second cleavage did not alter the
anterior±posterior axis of the larva. Additional experiments nal vesicle and lipid droplets in the oocyte. Fate mapping
in and of itself does not establish when a given axis in anneed to be done to see if repositioning the ®rst cleavage
furrow meridionally around the animal±vegetal axis of the embryo is set up. The results of experiments comparing the
development of animal and vegetal halves isolated fromembryo can lead to a dissociation between the plane of the
®rst cleavage and the anterior±posterior axis of the larva. matured oocytes show that only the vegetal half has the
capacity to gastrulate and form endoderm. These results
indicate that by this stage the animal±vegetal axis has been
set up. These results also suggest that the ability to gastru-DISCUSSION
late and form endoderm re¯ects the localization of cyto-
plasmic determinants at the vegetal pole of the maturedThe Bases for Regional Speci®cation in Glottidia
oocyte that promote these activities (Fig. 13A).
Fate mapping experiments at the two- and four-cell stagesYatsu (1902) did not do fate mapping as a part of his
study on embryogenesis in Lingula. While he observed polar show that in the majority of cases the plane of the ®rst
cleavage corresponds to the plane of bilateral symmetry ofbodies in uncleaved eggs, he did not know how early cleav-
age planes were oriented with reference to the polar bodies, the larvae. A comparison of studies on the differentiation
of pairs of lateral halves isolated from the same embryoand he was not able to identify polar bodies at later develop-
mental stages; as a consequence, he could not make any along the plane of the ®rst or second cleavage indicates that
the basis for the future plane of bilateral symmetry of theinferences about presumptive fate.
The fate mapping studies reported here show that the larva is set up by the four-cell stage. In experiments in
which the lateral cut was made along the plane of the sec-positions of the animal±vegetal axis in the fertilized egg
can be traced back to the late vitellogenic oocyte and can ond cleavage which separates the presumptive anterior and
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the ®rst cleavage is determined by cytoplasmic anisotropies
that are related to the basis for establishment of the plane of
symmetry. In many cases these anisotropies arise following
fertilization (Xenopus; Gerhart et al., 1981). However, in
the case of the echinoid Heliocidaris, it is clear that the
anisotropy most probably exists prior to fertilization (Henry
et al., 1990). Glottidia appears to be similar to Heliocidaris
in this respect.
In about 5% of the cases in Glottidia the plane of the
®rst cleavage ends up at a right angle to the plane of bilateral
symmetry. In these cases the plane of the fourth cleavage
FIG. 13. The bases for regional speci®cation in Glottidia. (A) Dia- is also changed so that it parallels the plane of the second
gram outlining the position of cytoplasmic determinants in the cleavage rather than the plane of the ®rst cleavage. This
matured oocyte. The meiotic apparatus is at the animal pole, and change in the plane of the fourth cleavage has no effect
the lipid droplets are at the vegetal pole. The endoderm (End) is at
on the future symmetry properties of the larva. The onlythe vegetal pole while the mesoderm (M) is in an anterior±vegetal
analogous situation that I know of is the work of Morganlocation. The rest of the matured oocyte is occupied by the ecto-
and Tyler (1930) on the relationship between the site ofderm-forming region (Ect). This region occupies the animal hemi-
sperm entry and the positioning of the initial cleavagesphere and the upper part of the vegetal hemisphere of the matured
planes in the bivalve mollusc Cummingia. In this case theoocyte. It is subdivided into an apical lobe-forming region (AL),
located in the anterior±lateral region of the oocyte, and a mantle- planes of the ®rst two cleavages generate a sinistral blasto-
forming region (Ma). (B) Diagram of a blastula-stage embryo indicat- mere con®guration rather than a dextral blastomere con-
ing the cellular interactions that lead to regional speci®cation. The ®guration, presumably because of an interaction between
dashed arrows extending from the mesoderm and endoderm to the the site where the centers of the poles of the mitotic appara-
ectoderm indicate that an inductive in¯uence from the vegetal tus for the ®rst cleavage are (which re¯ects the site of sperm
region of the embryo is necessary in order for the apical lobe and
entry) and a prelocalized region specifying the D quadrantmantle to form. The solid double-headed arrow between the apical
that simultaneously orients the mitotic apparatus.lobe and mantle-forming regions indicates that if an anterior half
Following early cleavage there are inductive interactionsis isolated at an early enough stage of development, apical lobe cells
that play a role in the differentiation of ectodermal cells incan regulate to form mantle cells (Ant, anterior; Post, posterior).
the animal half of the embryo (dashed arrows, Fig. 13B).
Animal halves isolated from unfertilized eggs will some-
times form short cilia; however, they have almost no capac-
ity to form mantle. When animal halves are isolated fromposterior regions of the larva, in most cases only one half
formed the apical lobe, an anterior region of the larva. When vegetal halves at later stages of development, their capacity
to form these cell types increases. There is a pronouncedlateral halves were isolated from unfertilized eggs and the
differentiation of both halves was monitored, in a signi®- increase in the percentage of animal halves forming apical
lobe between the eight-cell and the blastula stage and incant number of cases only one of the halves formed an apical
lobe, suggesting that the basis for regional speci®cation the percentage of these halves forming mantle between the
blastula and the early gastrula stage. When lateral halvesalong the anterior±posterior axis may have already been set
up prior to fertilization. These results suggest that the abil- are created along the plane of the ®rst cleavage that include
both animal and vegetal material, there is no difference inity to form apical lobe may re¯ect the lateral localization
of a cytoplasmic determinant in a region that will become the capacity to differentiate these structures as a function
of isolation at different developmental stages. Presumablythe anterior end of the larva (Fig. 13A). This region would
also bias the orientation of the plane of the ®rst cleavage. an in¯uence from the vegetal half of the embryo is causing
an increase in the ability of animal halves to develop ac-The ability to form mesoderm may also depend on localized
determinants in the future anterior±vegetal region of the cording to their presumptive fate. There is no evidence indi-
cating that the signal(s) from the vegetal half of the embryouncleaved egg. However, because it is dif®cult to identify
mesoderm in these larvae, this claim could have a tenuous in¯uences the way cells from the animal half differentiate
(apical lobe versus valve). However, this point has not beenbasis.
In a number of different kinds of early embryos, the plane rigorously established via an appropriate experiment.
There is no evidence that the animal half of the embryoof the ®rst cleavage bears a de®nite relationship to the fu-
ture larval plane of bilateral symmetry. In some animals has an inductive in¯uence on the vegetal half. The animal-
most region of the vegetal half of the embryo contains pre-there is a one-to-one relationship between the plane of the
®rst cleavage and the plane of bilateral symmetry (ascidians; sumptive ectodermal cells. The presumptive ectodermal
cells of the vegetal half may be able to substitute for anyConklin, 1905); in other animals the relationship holds in
most cases, but there is a minority of cases in which it differentiative in¯uence from the animal half. At this point
no experiments have been done in which just the presump-breaks down to some degree (cephalochordates; Tung et al.,
1958; Xenopus; Klein, 1987). In these cases the plane of tive endoderm-forming region of the vegetal half has been
Copyright q 1995 by Academic Press, Inc. All rights of reproduction in any form reserved.
/ m4070$8011 10-02-95 06:00:07 dba Dev Bio
33Glottidia Regional Speci®cation
isolated and its ability to form a gut in the absence of ecto-
derm tested.
The experiments in which presumptive anterior and pos-
terior halves were isolated at different developmental stages
indicate that anterior halves can regulate to form valves
that are the correct proportional size, even though the rela-
tive size of the presumptive valve-forming region that this
half inherits is small. This capacity of anterior halves to
regulate by forming valves of normal size is largely lost by
the blastula stage of development. During the develop-
mental stage when regulation can occur, presumably pre-
sumptive apical lobe-forming cells are converting into pre-
FIG. 14. The phylogenetic relationships between the phoronidssumptive valve-forming cells. This suggests that signals are
and the articulate and the lingulid inarticulate brachiopods. (A)being sent between presumptive apical lobe and valve cells
Matrix comparing the number of bases that differ (numerator) andduring early development (double-headed arrow, Fig. 13B).
the number of bases that could be aligned (denominator) for pairs
The capacity of anterior halves to regulate ends about the of 18s rDNA sequences from Phoronis, Terebratalia, and Glottidia
time that the presumptive apical lobe-forming region ac- and two molluscs that functioned as the outgroup. The bivalve
quires the capacity to form apical lobe cells as a conse- used was Placopecten magellenicus, and the chiton used was Acan-
quence of the inductive signal(s) from the vegetal region of thopleura japonica; their GenBank accession numbers are, respec-
the embryo. tively, X53899 and X7021. (B) The brachiopod and phoronid phylog-
eny.
The Comparative Experimental Embryology of
Phoronids and Inarticulate and Articulate
Brachiopods 1992). This analysis shows that phoronids are more closely
related to articulate brachiopods than they are to the inartic-The phylum Brachiopoda is frequently included in a larger
assemblage of phyla, the lophophorates, which includes the ulate superfamily Lingulacea. This phylogeny will be used
as a framework for comparing the embryologies of phoro-Phoronida. The phylogenetic relationship between the pho-
ronids and the inarticulate and the articulate brachiopods nids (Freeman, 1991), articulate brachiopods (Freeman,
1993), and the inarticulate superfamily Lingulacea. Thisis a controversial issue because there has not been much
suitable evidence that can be used to construct a phylogeny. phylogeny should be regarded as a starting point for discus-
sion rather than the last word on this subject. There areFor the Lingulacea and the articulate brachiopods, where
there is a good fossil record because of the shells these ani- problems inherent in using molecular data when groups
diverged hundreds of millions of years ago during a periodmals make, the evidence suggests that these two lineages
diverged prior to the early Cambrian because: (1) fossils of rapid evolutionary change (Philippe et al., 1994). This
phylogeny does not take into account the other two inartic-from both groups extend back to the early Cambrian, and
(2) there are no intermediate forms that can link the two ulate superfamilies.
Figure 15 compares fate maps, the gastrula stages, andgroups in the early Cambrian (Harper et al., 1993). The Pho-
ronida, because of their soft body parts, have no fossil re- the larvae of Glottidia, Terebratalia, and Phoronis. Each of
the clades produces eggs of roughly comparable size (Longcord. The view of many zoologists, based on anatomical and
functional considerations, is that a phoronid-like ancestor and Stricker, 1991; Zimmer, 1991). Some phoronid species
have large yolky eggs (P. vancouverensis is one of thesegave rise to the brachiopods (Gutmann et al., 1978).
Recently the DNA that codes for the 18s ribosomal sub- species). These species produce larvae that ®rst feed when
they are larger and have a better developed food capturingunit has been sequenced for the articulate brachiopod Tere-
bratalia transversa, the phoronid Phoronis vancouverensis, apparatus than larvae from species with smaller eggs. One
peculiarity of these three species is that their eggs are some-and Glottidia pyramidata (Halanych, 1994; Halanych et al.,
1995). When these sequences were aligned and compared what ¯attened along their animal±vegetal axis and the egg
is surrounded by an envelope that must be in place for theto other 18s rDNA sequences, it became clear that among
animal phyla for which there are comparable data, these egg to develop normally. The ®rst two cleavages occur in
the same way in each species; in every case the cleavagelophophorates are most closely related to the Mollusca. The
Mollusca were then used as an outgroup for the purpose of planes go through the animal±vegetal axis of the embryo.
There is variability in the planes of the third and fourthdoing a phylogenetic analysis within these lophophorates.
Figure 14A gives the number of base differences in compari- cleavage, both within a species and between species. In
Glottidia embryos the pattern of the fourth cleavage re¯ectssons between the aligned 18s rDNA sequences for the lo-
phophorates and two molluscs, a bivalve and a chiton. Fig- elements of egg organization that lead to subsequent re-
gional speci®cation. In each species, gastrulation involvesure 14B shows the most parsimonious phylogeny con-
structed from this data set using PAUP software (Swafford, invagination of cells at the vegetal pole and the bending of
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apparatus and the functional differentiation of tissue whose
development was suppressed in the larval state. Metamor-
phosis in phoronids is the most complex. Many regions of
the larva cytolyze and new regions form that are responsible
for adult function and simultaneously modify the axial orga-
nization of the adult with reference to the larva. From an
anatomical standpoint the larvae of Glottidia and the artic-
ulate brachiopods are more similar than the actinotroch
larva of phoronids (Fig. 15C). In both groups the apical lobe
functions in larval locomotion, and in Glottidia it also func-
tions as a feeding organ; it will take on this function follow-
ing metamorphosis in articulate brachiopods. The two
valves of the Glottidia larva correspond to the mantle lobe
of the articulate brachiopod larva. Articulate brachiopod
larvae also have a pedicle lobe. Even though the phoronid
larva is ultimately composed of three subdivisions just as
the articulate brachiopod larva is, it is dif®cult to homolo-
gize the different regions because of the radical changes that
take place in phoronid larvae during metamorphosis. The
epistome of the phoronid larva is most probably homolo-
gous to the apical lobe of brachiopods. It is the most anterior
FIG. 15. A comparison of selected developmental stages in Glot- element of the larva, it has a coelom, and it sits in front of
tidia, Terebratalia, and Phoronis. (A) The fate maps of the future the ventral stomodeum; it functions in feeding and locomo-
larvae in uncleaved eggs. In each case the animal (An) pole of the tion, though other parts of the phoronid larva also partici-
egg is up, polar bodies (Pb) mark the animal pole, and the vegetal
pate in these functions. Interestingly most of the epistomepole (Veg) is down; anterior (A) is to the left and posterior (P) is to
of the phoronid larva is lost at metamorphosis.the right. This same orientation is used in rows B and C. At the
The relative locations of the mesoderm- and endoderm-bottom of the ®gure the codes for the different germ layers and two
forming regions of the fate maps for each of these clades isregions of the ectodermal germ layer are given. (B) Fate maps of
late gastrulae. In Terebratalia and Phoronis the positions of the the same. Glottidia differs from Terebratalia and Phoronis
polar bodies and the arrow indicate the anterior displacement of because the apical lobe-forming region has an anterior lat-
the animal pole region between the early and late gastrula stages eral location in the unfertilized egg while it is located in
of development. (C) Early larvae showing their subdivision into the animal region in the other two species (Fig. 15A). In
different regions. In Phoronis the most posterior body region has Terebratalia and Phoronis the presumptive apical lobe or
yet to form. (AL, apical lobe; ML, mantle lobe; PL, pedicle lobe; epistome-forming region will acquire its anterior lateral po-
Ep, epistome, Me, mesosome.)
sition only as a consequence of cell translocations during
gastrulation. This change does not take place in Glottidia
(Fig. 15B).
In all three species an inductive signal from the vegetalthe archenteron toward the future posterior end of the larva.
Both phoronid and articulate brachiopod embryos become region of the embryo is necessary for the ectoderm of the
presumptive apical lobe or epistome to differentiate. Inuniformly ciliated prior to gastrulation, and later, cilia be-
come longer, ciliated cells become elaborated into bands, Glottidia and Terebratalia one can pinpoint a develop-
mental stage after which the inductive signal is no longeror cilia are lost. In Glottidia, cilia don't develop until well
after gastrulation and are only present on specialized cell needed. It is not clear when this inductive in¯uence is over
in Phoronis because an epistome will differentiate only iftypes.
The larvae of Glottidia and Phoronis feed and grow in cells from the vegetal region of the embryo are present in
addition to presumptive epistome ectoderm.the planktonic environment for an extended period of time
before undergoing metamorphosis. The larvae of articulate In the absence of the apical lobe-forming region in Glot-
tidia, no other region of the embryo can regulate to formbrachiopods are nonfeeding and spend a short period in the
plankton. Metamorphosis accompanies settlement in or on this structure. This is not the case in Terebratalia and Pho-
ronis. Most vegetal halves from eight-cell Phoronis embryosa substrate. The process of metamorphosis varies in com-
plexity in these three clades. The Glottidia larva is essen- regulate by forming an epistome; however, after the eight-
cell stage this capacity is lost. Vegetal halves from Terebrat-tially a planktonic adult; metamorphosis involves the for-
mation of the pedicle, the organ that allows the larva to alia regulate by forming an apical lobe in a high frequency of
cases through early gastrula stages of development. Vegetalfunction in an infaunal environment. In articulate brachio-
pods, metamorphosis is more complicated; it involves mor- halves of Glottidia which lack the dorsal valve-forming re-
gion can regulate by forming this structure through the blas-phogenetic movements that move a set of valve precursor
cells into the right location so that they enclose the feeding tula stage of development.
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In these three species, only the vegetal region of the em- the embryology of the contemporary animal, two possibili-
ties emerge: (1) phoronid and articulate brachiopods havebryo is capable of gastrulating and forming a gut. Vegetal
halves from Glottidia and Terebratalia were able to gastru- changed their mode of specifying epistome and apical lobe
with reference to their ancestor or (2) the mode of specifyinglate and differentiate a gut at all of the developmental stages
in which these halves were isolated. Vegetal halves from the apical lobe in Glottidia is a derived feature of this clade,
and the mode of epistome and apical lobe speci®cation inPhoronis gastrulated and formed a gut in a high proportion
of cases only when they were isolated at the eight-cell stage. Phoronis and Terebratalia is primitive. One does not get
any help in solving this problem by extending the embryo-This is the only stage when the vegetal halves of these
embryos can regulate by forming an epistome. This correla- logical analysis that I have gone through here to molluscs,
the outgroup for the phoronids and brachiopods (Fig. 14),tion suggests that the presumptive epistome-forming region
may be necessary for gastrulation in the vegetal half of the because the embryology of this group (Verdonk and Cather,
1983) is so radically different from the embryology of brach-phoronid embryo. The capacity to gastrulate and differenti-
ate a gut in these three species most probably re¯ects a iopods. Glottidia is a representative of one inarticulate su-
perfamily, the Lingulacea; there are two other extant inar-localization of this developmental potential in the vegetal
region of the embryo. ticulate superfamilies: the Discinacea and the Craniacea.
When the timing and mode of regional speci®cation in bothIn Glottidia the basis for the anterior±posterior axis of
the future larva is in place by the end of oocyte maturation. of these superfamilies and the way that they ®t into the
brachiopod phylogeny is known, one will be in a betterIt re¯ects a lateral localization of developmental potential
specifying apical lobe differentiation. The plane of the ®rst position to evaluate these two possibilities.
cleavage is aligned with reference to this localization. In
Terebratalia the anterior±posterior axis of the embryo is
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